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A series of cowpea mosaic virus (CPMV)-based hybrid comoviral RNA-2 molecules have been constructed. In these, the
region encoding both the large (L) and small (S) viral coat proteins was replaced by the equivalent region from bean pod
mottle virus (BPMV). The hybrid RNA-2 molecules were able to replicate in cowpea protoplasts in the presence of CPMV
RNA-1. Though processing of the hybrid polyproteins by the CPMV-specific 24K proteinase at the site between the 58/48K
and L proteins could readily be achieved, no processing at the site between the L and S coat proteins could be obtained even
when the sequence of amino acids between the two coat proteins was made CPMV-like. As a result, none of the hybrids was
able to form functional virus particles, and they could not infect cowpea plants. Comparison with the processing of the L–S
site in cis in reticulocyte lysates demonstrated that the requirements for processing are more stringent in trans than in cis.
The results suggest that the L–S cleavage site is defined by more than just a linear sequence of amino acids and probably
involves interactions between the L–S loop and the b barrels of the viral coat proteins. © 1999 Academic Press
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Cowpea mosaic virus (CPMV) and bean pod mottle
iruses (BPMV) are members of the comovirus group of
lant viruses. Comoviruses are classified together with
aba- and nepoviruses as genera of the family Comoviri-
ae. Comoviruses have genomes consisting of two mol-
cules of positive-strand RNA (RNA-1 and RNA-2) that
re separately encapsidated in icosahedral particles.
irus particles contain 60 copies each of a large (L) and
small (S) coat protein arranged with pseudo T 5 3 (P 5
) symmetry, the L and S subunits being situated around
he three- and fivefold symmetry axes, respectively
Lomonossoff and Johnson, 1991). The L protein is a
wo-domain protein that contains two b barrels, whereas
he S protein consists of a single b barrel. For both
iruses, the two genomic RNAs are expressed through
he synthesis and subsequent processing of large pre-
ursor polyproteins (for a review, see Goldbach and
ellink, 1996). RNA-1 directs the synthesis of a single
olyprotein of ;200 kDa (the 200K protein), which is
rocessed in cis by the 24K proteinase domain to give
ise to proteins involved in RNA replication. The RNA-2
olecules direct the synthesis of two carboxyl cotermi-
al polyproteins (the 105K and 95K proteins) that are
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184rocessed by the RNA-1-encoded 24K proteinase in
rans to give the 58/48K pair of N-terminal proteins and
oth viral capsid proteins. Thus two cleavage events are
ssential for the release of the mature L and S proteins
rom the RNA-2-encoded polyprotein: cleavage between
he 58/48K proteins and L protein and cleavage between
he L and S subunits.
The comoviral 24K proteinases are highly specific en-
ymes that cleave their cognate polyproteins at only a
ew sites. Furthermore the proteinase from one comovi-
us cannot cleave the polyproteins from another either in
rans (Gabriel et al., 1982; Goldbach and Krijt, 1982) or in
is (Shanks et al., 1996). The latter experiments, which
ade use of RNA-1 hybrids between CPMV and another
omovirus, red clover mottle virus (RCMV), indicated that
he specificity might not lie entirely in the linear se-
uence of amino acids at the cleavage site but might
lso be influenced by the local three-dimensional folding
f the substrate molecule (Shanks et al., 1996). For the
rans cleavages necessary to release the L and S pro-
eins from the RNA-2-encoded polyproteins, it also ap-
ears that the RNA-1-encoded 32K protein is necessary
Vos et al., 1988) although its precise role has not been
efined.
At present the only comoviral proteins for which three-
imensional structural information is available are the
apsid proteins (Lomonossoff and Johnson, 1991). How-
ver, in mature virus particles the L–S junction is com-
letely processed and only the postcleavage structure of
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185PROCESSING OF HYBRID COMOVIRUS POLYPROTEINShe site can be seen. The L–S processing site occurs in
loop that extends from the bI strand of the C-terminal
omain of the L protein to the bB strand of the S protein.
he loop contains 25 amino acids in CPMV and 22 in
PMV. Comparison of the postcleavage structures found
ith CPMV and BPMV reveals that while the newly re-
eased C termini of the L proteins adopt similar confor-
ations in two viruses, the new N termini of the S
ubunits have very different structures. The N termini of
he CPMV S subunits fold away from the C termini of the
subunits, resulting in the termini being a considerable
istance apart after cleavage; in BPMV they fold back
oward the L subunits, reducing the distance between
he two ends (Stauffacher et al., 1987; Chen et al., 1989;
omonossoff and Johnson, 1991). The degree of rear-
angement undergone by the released N termini of the S
roteins suggests that cleavage is likely to precede par-
icle assembly and is probably a prerequisite for it to
ccur. Thus the uncleaved L–S protein (the 60K protein of
ranssen et al., 1982) is unlikely to be competent for virus
ssembly, a conclusion supported by the failure to detect
irus-like particles in transgenic plants expressing the
ncleaved L–S protein (Nida et al., 1992). Though the
ifferent structures adopted by the N termini of the S
roteins of CPMV and BPMV cannot provide a detailed
icture of the structures of the corresponding uncleaved
–S sites, they do suggest that the uncleaved loops may
nteract differently with the b barrels of their homologous
oat proteins.
To investigate the sequence and structural determi-
ants of proteolytic cleavage between the L and S pro-
eins, we have constructed hybrid RNA-2 molecules in
hich the coat protein-encoding region of an infectious
DNA clone of CPMV RNA-2 has been replaced with the
quivalent region of BPMV. The ability of the CPMV 24K
roteinase to process various versions of the L-S site in
rans in the hybrids was tested in cowpea protoplasts
nd compared with its ability to process the same sites
n cis in a rabbit reticulocyte in vitro translation system.
he results confirm that the three-dimensional structure
round the L–S cleavage site plays an important role in
etermining the specificity of that cleavage in vivo and
lso show that the requirements for efficient processing
re stricter in trans than in cis.
RESULTS
PMV RNA-2 containing the coat protein region of
PMV can replicate in cowpea protoplasts
An initial assessment of whether the presence of
PMV sequences would affect the ability of CPMV RNA-
-based hybrids to be replicated by CPMV RNA-1 was
arried out using pMT7-Hybrid-1 and pMT7-Hybrid-2
Fig. 1a). In both hybrids the entire region of CPMV
NA-2 encoding the viral coat proteins was replaced
ith the corresponding region from BPMV RNA-2. The l8/48K proteins and 59 and 39 noncoding regions in both
hese hybrids were entirely derived from CPMV. The only
ifference between the two hybrids was that in pMT7-
ybrid-1 the glutamine (Q) residue at the C terminus of
he 58/48K protein was replaced by a proline (P) as a
esult of the cloning procedures while in pMT7-Hybrid-2
his amino acid was restored to Q (Fig. 1a).
Cowpea protoplasts were inoculated separately with
ranscripts from pMT7–601 (wild-type CPMV RNA-2 tran-
cripts), pMT7-Hybrid-1, or pMT7-Hybrid-2 in the pres-
nce of transcripts derived from pBT7–123 (a full-length
DNA clone of CPMV RNA-1). Fluorescent antibody
taining using an antiserum specific for the CPMV 58/
8K proteins indicated that a similar percentage of cells
ere infected in all three cases. The pattern of fluores-
ence observed using the anti-58/48K serum was iden-
ical in the case of protoplasts inoculated with pMT7–601
nd pMT7-Hybrid-2 transcripts, being associated with
he cell nucleus and with tubules projecting from the
urface of some protoplasts. The labelling of the nucleus
s believed to be associated with the 58K protein,
hereas the induction of tubules is associated with the
resence of a functional 48K protein (Van Lent et al.,
991). Thus the results obtained with pMT7-Hybrid-2 in-
icated that the 58K and 48K proteins had been correctly
rocessed from the RNA-2-encoded polyproteins. In the
ase of protoplasts inoculated with pMT7-Hybrid-1 tran-
cripts, the fluorescence was associated only with the
ucleus and no tubules were induced on the surface of
he cells. The latter observation suggested that no func-
ional 48K protein was produced by this hybrid, probably
ecause it is not processed correctly from the polypro-
eins due to the Q-to-P mutation. When IgG specific for
he BPMV capsid proteins was used to label the proto-
lasts, pMT7-Hybrid-2-inoculated cells again had a sim-
lar distribution of fluorescence (an even distribution of
abel over the entire cell) to that seen when pMT7–601-
nfected cells were labeled with anti-CPMV capsid se-
um. The fluorescence observed in the pMT7-Hybrid-1-
nfected cells was somewhat weaker and in some pro-
oplasts the labelling could be seen to be associated
ith the nucleus. This suggested that the coat proteins
olocalised with the 58K protein, a result consistent with
rocessing at the 58/48K-L junction being impaired.
Northern blot analysis (Fig. 1b) demonstrated that both
MT7-Hybrid-1 and pMT7-Hybrid-2 transcripts can be
eplicated in protoplasts in the presence of CPMV RNA-1
ranscripts. However, the progeny RNA-2 obtained with
he hybrids was less discrete in size than that obtained
ith wild-type RNA-2 transcripts (Fig. 1b). Such a pattern
f RNA accumulation is characteristic of a situation in
hich the synthesised RNAs are not encapsidated (De
arennes and Maule, 1985; Rohll et al., 1993). Lack of
ncapsidation of the viral RNAs was confirmed by the
bservation that crude lysates from protoplasts inocu-ated with either pMT7-Hybrid-1 or -2 could not be used
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186 CLARK ET AL.o infect fresh protoplasts or whole cowpea plants under
onditions where similar lysates from pMT7–601-inocu-
ated cells were highly infectious. Direct inoculation of
owpea plants with DNA from pCP-Hybrid-1 or pCP-
ybrid-2 similarly failed to give an infection under con-
itions where all plants inoculated with a mixture of
CP1 and pCP2 became infected.
The processing of the RNA-2-specific polyproteins
FIG. 1. (a) Schematic diagram of pMT7–601, pMT7-Hybrid-1, and pMT
PMV-specific region shown in white and the BPMV-specific region in
s the initiation site for the 95K polyprotein from which the 48K prote
espectively. Amino acids (standard one-letter code) at the junction of the
f the C terminus of the L protein and the N terminus of the S protein
orthern blot of RNA extracted derived from cowpea mesophyll protop
MT7–601 (C) or transcripts from pMT7-Hybrid-1 (1) or pMT7-Hybrid-2
f samples from the same protoplasts as in (b). The primary antibody u
mall (S) coat protein are indicated as is the position of the unprocesas examined by Western blot analysis of extracts of srotoplasts inoculated with transcripts from pMT7-Hy-
rid-1 or pMT7-Hybrid-2 using antibodies specific for the
PMV coat proteins (Fig. 1c). No specific reaction could
e seen in the case of the extract from protoplasts
noculated with pMT7-Hybrid-1 transcripts, whereas the
xtract from protoplasts inoculated with pMT7-Hybrid-2
ave a strong reaction with a band of ;60 kDa. This
and corresponds in size to the 60K polypeptide repre-
id-2. Open reading frames (ORFs) are represented by open boxes with
he dotted line indicates the position of the second in-frame AUG that
ocessed. The large and small coat proteins are marked by L and S,
inus of the 48K and N terminus of the L protein and also at the junction
icated. The arrow indicates the promoter for T7 RNA polymerase. (b)
oculated with pBT7–123 transcripts and either control transcripts from
position full-length CPMV RNA-2 is marked. (c) Western blot analysis
s anti-BPMV capsid IgG. The positions of the processed Large (L) and
S (60K) protein.7-Hybr
gray. T
in is pr
C term
are ind
lasts in
(2). The
sed waenting the uncleaved form of the L and S proteins
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187PROCESSING OF HYBRID COMOVIRUS POLYPROTEINSriginally reported by Franssen et al. (1982). No specific
roduct was detected in extracts from protoplasts inoc-
lated with pMT7–601 (wt CPMV transcripts) as the an-
iserum used was specific for the BPMV coat proteins.
owever, the positions of the processed CPMV L and S
ould be deduced in a separate, overloaded sample of
PMV-infected protoplasts due to the serological relat-
dness of CPMV and BPMV. In this sample, no band of
0 kDa could be detected. The presence of the 60-kDa
rotein (but not the mature L and S coat proteins) in the
ample from protoplasts inoculated with pMT7-Hybrid-2
ranscripts clearly indicated that although processing
ould occur at the site between the 58/48K proteins and
he L coat protein, no cleavage took place at the L–S
unction. The inability to detect either the 60-kDa protein
r the mature coat proteins in the protoplasts inoculated
ith transcripts from pMT7-Hybrid-1 suggested that pro-
essing of the hybrid polyprotein at the 58/48K-L site also
ad failed to occur, probably as a result of the Q-to-P
hange. The failure to detect the unprocessed 105K and
5K polyproteins in Western blots of proteins extracted
rom pMT7-Hybrid-1-inoculated protoplasts was not sur-
rising as these proteins have previously been found to
e difficult to detect by such methods (Wellink et al.,
987; Rezelman et al., 1989). This could be due either to
nstability of the proteins and/or their inefficient transfer
o the membrane. No virus-like particles could be de-
ected in lysates of protoplasts inoculated with either
MT7-Hybrid-1 or -2 by immunosorbent electron micros-
opy (ISEM) using grids coated with anti-BPMV particle
gG (data not shown). This result is consistent with the
otion that the uncleaved L–S protein is not competent
or particle formation.
pecificity of processing between the L and S
roteins in trans is not determined solely
y the primary amino acid sequence
round the cleavage site
To determine whether processing between the BPMV
and S proteins by the CPMV 24K proteinase could be
btained by altering the amino acids around the site, a
eries of hybrids was constructed in which the amino
cids in the loop connecting the BPMV L and S proteins
ere gradually changed to their CPMV counterparts (Fig.
). This resulted in the production of two series of hy-
rids: pMT7-Hybrid-3 to pMT7-Hybrid-7 and the corre-
ponding pCP-Hybrid-3 to pCP-Hybrid-7. Transcripts from
ll five of the new pMT7-based hybrids could replicate to
similar degree in cowpea protoplasts as judged by
mmunofluorescence using an antiserum raised against
PMV capsids. However, Western blot analysis of ex-
racts from such protoplasts using the anti-BPMV serum
n each case revealed the presence of only the 60-kDa
roduct (the product migrating just behind the 48-kDa
arker) rather than the mature L and S proteins (Fig. 3). clthough the amount of 60-kDa protein varies somewhat
etween the samples, in no case was a reduction of its
evel accompanied by the appearance of bands corre-
ponding to the mature L and S proteins. Thus the
ifferences in intensity of the 60-kDa band are probably
ntirely due to differences in the rate of infection of the
rotoplasts with various hybrids and/or differences in the
fficiency of extraction of the proteins rather than repre-
enting different amounts of processing. Certainly none
f the 60-kDa proteins encoded by the hybrids is cleaved
t a rate comparable to that observed with wild-type
PMV, where inhibition of the 24K proteinase with Zn21
ons is required for any 60-kDa protein to accumulate
Wellink et al., 1987). Overall, the results indicate that
leavage between the L and S proteins in all of the
ybrids is extremely inefficient, if it occurs at all, despite
he cleavage site becoming increasingly CPMV-like.
onfirmation that the mutations did not restore the ability
f the hybrid viruses to encapsidate viral RNA was pro-
ided by the inability of the protoplast lysates to infect
owpea plants. Likewise no infection was obtained on
owpea plants inoculated with pCP-Hybrid-3 through to
CP-Hybrid-7 in the presence of pCP1 under conditions
here all plants inoculated with a mixture of pCP1 and
CP2 became infected.
pecificity of processing in cis is less stringent than
hat in trans
To investigate whether the lack of processing of the
-S site in vivo was specifically associated with trans
rocessing, a cis-processing assay was developed. This
nvolved creating a hybrid between CPMV RNA-1 and -2,
Cis-CPMV, in which the sequence encoding the CPMV
4K proteinase was linked to that encoding the L and S
roteins (Fig. 4). The construct contains an open reading
rame identical to that of pTMB-110, a plasmid used
reviously to investigate cleavage at the L–S junction
Vos et al., 1988). The design of the pCis system was
uch as to allow the replacement of the 2.0-kb BamHI/
coRI restriction fragment, which encodes the wild-type
PMV coat proteins, with the equivalent fragments from
13-Hybrid-1 through to M13-Hybrid-7. When transcripts
rom pCis-CPMV were translated in vitro, the largest
roduct obtained after 1 h migrated with a molecular
eight of ;100 kDa (Fig. 5a). This product, which is of
he size expected of the unprocessed polyprotein, dis-
ppeared when the lysate was incubated for 20 h, pre-
umably as a result of completion of the processing. The
ext largest stable band was of ;70 kDa and which, by
omparison with data obtained previously with pTMB-
10, was identified as arising as a result of cleavage at
he C terminus of the 24K proteinase domain. Just below
he 70-kDa product, a band migrating at 60 kDa could
learly be seen (Fig. 5a). On the basis of its size and
omparison previous data (Vos et al., 1988), this was
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188 CLARK ET AL.dentified as the uncleaved L–S protein (the 60K protein
f Franssen et al., 1982). The fully processed S protein
as identified by its size, by comparison with data ob-
ained with pTMB-110 (Vos et al., 1988), and from con-
ideration of the results obtained with the various hybrid
onstructs (see below). The origin of those products that
ave been positively identified as containing the se-
uence of the S protein is shown in Fig. 4. A number of
ther bands migrating between the 60K and S proteins in
ig. 5a have been tentatively identified as the various
-terminal and internal products of processing (such as
he L coat protein), but their assignments are omitted
rom the figures both for clarity and because their origins
ave not been confirmed.
The identification of the various S-protein-containing
olypeptides was confirmed when transcripts from pCis-
ybrid-1 and pCis-hybrid-2 were translated. These plas-
ids were made by replacing the BamHI/EcoRI restric-
ion fragment of pCis-CPMV with the equivalent frag-
FIG. 2. Sequence of the loop connecting the L and S proteins of CP
he C-terminal domain of the L protein (bI) and the first strand of the S
or CPMV and BPMV, respectively. The small vertical arrow indicates
ne-letter code) in the loop connecting the C terminus of the L protein t
nd at the corresponding position in BPMV are shown in black, whereents from pMT7-Hybrid-1 and -2, respectively, i.e., theyFIG. 3. Western blot analysis of protein extracts derived from cowpe
mesophyll protoplasts inoculated with transcripts from pBT7–123 an
transcripts from (a) pMT7–601 (lane 601) or pMT7-Hybrid-3 to pMT7
Hybrid-6 (lanes 3–6) or (b) pMT7 Hybrid-7 (lane 7). The blot was probe
with anti-BPMV capsid IgG. The positions and molecular weights of th
prestained marker proteins are indicated on the left-hand side of eac
panel. Lane 6 in (a) has been photographically enhanced to show thMV (top) BPMV (second line) and Hybrids 3–7. The last strand of b sheet of
protein b barrel (bB) are represented by solid arrows that are black and gray
the cleavage site between the L and S proteins. The amino acids (standard
o the N terminus of the S protein are indicated. Those that are found in CPMV60K protein and the absence of the mature L and S proteins.
(
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189PROCESSING OF HYBRID COMOVIRUS POLYPROTEINSFIG. 5. In vitro translation of SP6 transcripts derived from constructs pCis-CPMV (a) and pCis-Hybrid-1 and pCis-Hybrid-2 (lanes marked 1 and 2)
b). The transcripts were incubated in rabbit reticulocyte lysate in the presence of [35S]methionine for 1 and 20 h (lanes marked 1 and 20). The position
f the 108K primary translation product from pCis-CPMV and the positions of 70K, 60K cleavage products are marked in (a). The corresponding bandsFIG. 4. Structure of the pCis-CPMV cassette used in the in vitro translation system. The ORF is represented by an open box with regions derived
rom RNA-1 are outlined in bold. The arrow represents the SP6 promoter and the closed circle represents the TMV V translational enhancer. The
ipeptides at the various proteinase cleavage sites are indicated. The structures of the translation products identified as containing the sequence
f the S protein are shown below.f 106K, 68K and 58K from pCis-Hybrid-1 and -2 are indicated in (b). The position of the mature CPMV S protein is also indicated in (a).
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190 CLARK ET AL.ontained the sequence of the BPMV L and S proteins
Fig. 5b). The pattern of higher molecular weight bands
btained with these hybrids was similar to that produced
y pCis-CPMV once account has been taken of the effect
f size difference between the S proteins of CPMV (213
mino acids) and BPMV (198 amino acids). Thus the
06K, 68K, and 58K proteins in Fig. 5b are equivalent to
he 108K, 70K, and 60K proteins in Fig. 5a. This size
ifference also helped the identification of those pro-
essing products that contained the sequence of the S
rotein. With pCis-Hybrid-1, no 60-kDa product accumu-
ated, consistent with the fact that cleavage at the 58/
8K–L junction had been abolished (the faint band in the
h sample which is not present in the 20-h sample is
elieved to be an unrelated processing intermediate).
he stable 60-kDa band reappeared when the site was
estored in pCis-Hybrid-2 (Fig. 5b). A further band at the
xpected position of the CPMV S protein could be seen
hen transcripts from pCis-CPMV but not pCis-Hybrid-1
r -2 were translated. Further confirmation of the identity
f the band, was provided by a construct in which the
ild-type BamHI/EcoRI fragment of pCis-CPMV was re-
laced with that from a mutant (pMT7-VP60). In this
utant, the L–S cleavage site had been changed from
lutamine-glycine to asparagine-alanine, resulting in the
bolition of processing the L–S junction (Spall, 1995).
hough the 60-kDa band still appeared, no band migrat-
ng at the position of the S protein could be detected
hen mutant transcripts were translated (data not
hown). Taken together the above results show that the
ative junction between the BPMV L and S proteins
annot be cleaved by the CPMV 24K proteinase in cis, a
esult consistent with that obtained in trans (Fig. 1c).
FIG. 6. In vitro translation of SP6 transcripts derived from constructs p
Cis-Hybrid-6 and pCis-Hybrid-7 (b; lanes marked 6 and 7). In all case
f [35S]methionine for 1 or 20 h (lanes marked 1 or 20). The positions
PMV and BPMV S protein are also indicated.The ability of the CPMV-specific 24K proteinase to Cleave the mutant L–S cleavage sites in pMT7-Hybrid-3
o -7 in cis was assessed by substituting the BamHI/
coRI fragment from these hybrids into pCis-CPMV,
hereby creating pCis-Hybrid-3 to -7. When transcripts
rom pCis-Hybrid-3 and -4 were translated in vitro, pat-
erns of products were produced that were identical to
hat obtained with pCis-Hybrid-2 with little, if any, S pro-
ein being released (Fig. 6a). However, an additional,
aint, low-molecular-weight band could be seen when
ranscripts from pCis-Hybrid-5 were translated. Increas-
ng amounts of this product were found when transcripts
rom pCis-Hybrid-6 and -7 were translated (Fig. 6b). From
ts size (20 kDa), this product was identified as the BPMV
protein. The difference in the migration of the BPMV
nd CPMV S proteins is consistent with their different
engths and with the differing migration behaviour of the
roteins isolated from virus particles. The identification
f the BPMV S protein was confirmed by the fact that the
roduct from pCis-Hybrid-7 was slightly larger than that
rom pCis-Hybrid-6, consistent with the fact that it is
xpected to be three amino acids longer. The results
emonstrate that for cleavage in cis, unlike the situation
n trans, incrementally changing the BPMV L-S cleavage
ite to that of CPMV is sufficient to enable the CPMV-
pecific 24K proteinase to recognise and cleave the site.
DISCUSSION
The initial experiments with pMT7-Hybrid-1 and -2
emonstrated that replacement of the region of CPMV
NA-2 that encodes the capsid proteins with the equiv-
lent sequence from another comovirus does not inter-
ere with the ability of the RNA to be replicated by the
MV (a; CPMV), pCis Hybrid-3 to pCis-Hybrid-6 (lanes marked 3–6) and
anscripts were incubated in rabbit reticulocyte lysate in the presence
arious products are marked as in Fig. 5. The positions of the matureCis-CP
s the tr
of the vPMV RNA-1. This result is consistent with the previous
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191PROCESSING OF HYBRID COMOVIRUS POLYPROTEINSemonstration that deletions in the coat protein region or
ts replacement with other heterologous sequences do
ot abolish replication of the altered RNA-2 (Wellink and
an Kammen, 1989; Rohll et al., 1993; Verver et al., 1998).
nalysis of the proteins produced as a result of inocula-
ion with pMT7-Hybrid-1 or -2 showed that the polypro-
eins from neither hybrid processed correctly. In the case
f pMT7-Hybrid-1, neither the 58/48K-L hybrid site nor the
–S BPMV-specific site was processed while processing
t the former site was restored in pMT7-Hybrid-2.
hough it proved straightforward to restore processing at
he 58/48K-L junction, the situation was very different in
he case of the L–S junction. Even when the entire
equence between the bI strand of the C-domain of the
protein and the bB strand of S protein was mutated so
hat it closely resembled that found in CPMV, no process-
ng of the L–S junction was seen in protoplasts and in no
ase were infectious virions produced. Though the fail-
re to produce infectious virus particles is probably
aused, in the first instance, by the fact that the un-
leaved L–S (60K) protein is unlikely to be competent for
ssembly (Nida et al., 1992; ISEM results described in
his paper), at this stage we cannot be certain that even
f the mature BPMV coat proteins had been released they
ould have been able to heteroencapsidate CPMV-spe-
ific RNAs.
Though the finding that the CPMV 24K proteinase
ould not cleave the BPMV-specific site between the L
nd S proteins in pMT7-Hybrid-1 and -2 was not surpris-
ng, the fact that mutating the cleavage site to its CPMV
quivalent did not restore processing was unexpected
ecause artificial cleavage sites consisting a limited
umber of amino acids have been successfully intro-
uced into other parts of RNA-2 (Verver et al., 1998). The
ack of cleavage at the L–S site found with all members
f the pMT7-Hybrid series suggested that cleavage be-
ween the two coat proteins requires an additional de-
erminant, possibly related to the differences in the three-
imensional structures of the substrates and the fact that
rocessing occurs in trans.
To investigate the possibility that the trans processing
f the L–S junction has special requirements, the re-
uirements for cleavage at the L–S site in cis were
xamined in vitro. Although it would have been ideal to
xamine the cis and trans processing in the same sys-
em, this was not possible: there is, at present, no rep-
icative system that can be used in vivo to examine the
is processing of the L–S site, and the trans cleavage at
he L–S junction is inhibited in both reticulocyte (Bu and
hih, 1989) and wheatgerm lysates (Shih et al., 1987).
owever, because it has been shown that those cleav-
ges that do occur in vitro can all be found in vivo
Goldbach et al., 1981), we consider that a comparison of
he in vitro data with that obtained in vivo is valid. The in
itro assay for the cleavage of the L–S site in cis dem-
nstrated that requirements for cleavage in cis are less ixacting than those in trans. Once the tripeptide se-
uence to the right of the scissile bond had been mu-
ated from the BPMV-specific sequence SIS to GPV (as
ound in CPMV) in pCis-Hybrid-5, cleavage at the L-S
unction began to occur, albeit inefficiently. The extent of
leavage was increased when the tetrapeptide to the left
f the scissile bond was concurrently changed from TIPQ
BPMV) to AIAQ (CPMV) in pCis-Hybrid-6, showing that
he amino acid sequences on both sides of cleavage site
re involved in recognition by the 24K proteinase. No
urther detectable enhancement of the cis cleavage was
ound by including more extensive BPMV to CPMV
hanges (pCis-Hybrid-7). Thus it appears that the linear
equence of amino acids around the scissile bond
nd/or local structures adopted by the sequence is suf-
icient to define the L-S site for cis but not trans process-
ng.
The results presented in this paper indicate that the
pecificity of cleavage of the L–S junction by the CPMV
4K proteinase is greater in cis than in trans. A similar
bservation has recently been reported in the case of the
epovirus, tomato ringspot virus (ToRSV; Carrier et al.,
999). Apart from the possible involvement of 32K protein
n promoting trans cleavage in CPMV (Vos et al., 1988),
ne of the main differences between cleavage in cis and
n trans is that while the former probably occurs cotrans-
ationally, the latter may well have to occur on fully folded
olypeptides. Thus the trans cleavage of the L–S site
robably occurs on precursors of the coat proteins in
hich the b-barrel domains are already present. The
esults reported here are consistent with the hypothesis
hat the L–S site for trans cleavage is defined not only by
he sequence of amino acids surrounding the scissile
ond (which is sufficient for cis processing) but also by
he way the loop interacts with the b barrels of the coat
roteins in three dimensions. Thus simply replacing one
omponent of the site (the sequence of amino acids in
he loop connecting the L and S proteins) will not re-
reate a viable processing site. The idea that cleavage
etween the L and S proteins has special requirements
s supported by the observation that this site is uniquely
ensitive to hemin levels in reticulocyte lysates (Bu and
hih, 1989), though the cause of this sensitivity is un-
lear. In addition the involvement of three-dimensional
tructure in defining cleavage sites for trans processing
f polyproteins has previously been observed in poliovi-
us (Ypma-Wong et al., 1988).
The results presented in this paper illustrate the diffi-
ulties likely to be encountered in creating fully viable
ybrid comoviruses. This problem is not unique to co-
oviruses but has been encountered generally in at-
empts to make intramolecular hybrids between viruses
hat are members of the picorna-like superfamily (King et
l., 1991). There are only two examples in which hybrids
ith exchanges in the coding region are viable and bothnvolve animal picornaviruses (Piccone et al., 1996; van
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192 CLARK ET AL.uppeveld et al., 1997). This contrasts with situation
ound with the a-like supergroup where there are numer-
us examples of viable intramolecular hybrid plant vi-
uses (e.g., De Jong and Ahlquist, 1992; Nagano et al.,
997; Sala´nki et al., 1997). This suggests that viruses that
se a polyprotein processing strategy for gene expres-
ion require more precise tailoring of the interactions
etween the various gene products than do those that
se subgenomic RNAs.
MATERIALS AND METHODS
aterials
Infectious clones containing full-length cDNA copies
f CPMV RNA-1 and RNA-2 downstream of either bacte-
iophage T7 (pBT7–123 and pMT7–601) or cauliflower
osaic virus (CaMV) 35S promoters (pCP1 and pCP2)
ave been described previously (Dessens and Lomonos-
off, 1991, 1993; Rohll et al., 1993). Escherichia coli strains
M101 and JM83 were used to propagate M13 and pUC-
ased constructs, respectively. E. coli strain CJ236 was
sed to generate dU-containing DNA for site-directed
utagenesis. The nucleotide sequence of all mutants
as verified by manual dideoxy sequencing using
a-35S]dATP and Sequenase (United States Biochemi-
als).
onstruction of CPMV RNA-2 clones containing
arious versions of the BPMV coat proteins
The 2.0-kb BamHI/EcoRI fragment from the infectious
lone of CPMV RNA-2, pMT7–601, was ligated into
amHI/EcoRI-digested M13mp18 to give M13-cp1. This
estriction fragment contained the sequence of RNA-2
FIG. 7. Oligonucleotides used to create M13-Hybrid-3 to M13-Hybrid-6
f the relevant portion of which is shown in the upper part of the figu
ntroduced by the various oligonucleotides are shown in bold.rom nucleotide 1504 to the 39 end of RNA-2 including 17 sesidues of the poly(A) tract and encompassing the en-
ire region encoding both viral coat proteins. M13-cp1
as subjected to site-directed mutagenesis (Kunkel et
l.,1987) using two primers, GCTTTTCCACCCATGGAG-
AA and GCTGCTTAACCATGGAGTAGTGTT (corre-
ponding to nucleotides 1526–1546 and 3293–3309 of
PMV RNA-2, respectively). These were used to intro-
uce two additional NcoI sites (underlined) at the re-
ions of RNA-2 encoding the N terminus of the L protein
nd the C terminus of the S protein, resulting in the
reation of clone M13-cpMut15. The origin of BPMV-
pecific sequences was clone M13–39-Pst-Mut3a. This is
M13mp18-based clone that contains the 39 terminal
188 nucleotides of BPMV RNA-2 plus 22 A residues
rom the poly(A) tail (MacFarlane et al., 1991) and into
hich a NcoI has been introduced at the start of the
equence encoding the L protein (Ramakrishnan Usha,
npublished data). An additional NcoI site was intro-
uced at the C terminus of the S protein using the primer
ACACTACTACTACCATGGTCATGCAGAAGA, which is
omplementary to nucleotides 3500–3526 of BPMV
NA-2, creating M13–39Pst-Mut3a-3.
To create CPMV-BPMV hybrids, M13-cpMut15 was di-
ested with NcoI and the large (4.2 kb) fragment lacking
he coat protein region was isolated and ligated with the
.0-kb NcoI fragment isolated from M13–39Pst-Mut3a-3
o give M13-Hybrid-1. M13-Hybrid-1 was subsequently
ubjected to site-directed mutagenesis using the primer
CTTTTCCACAAATGGAAACA to create a Q/M cleavage
ite between the CPMV 58/48K protein and the BPMV L
rotein in the resulting construct M13-Hybrid-2. The
leavage site between the L and S proteins was modified
urther by site-directed mutagenesis using the primers
ubstrate for mutagenesis was M13-Hybrid-2, the nucleotide sequence
ther with the amino acid sequence which it encodes. The mutations. The s
re togehown in Fig. 7 to give M13-Hybrid-3 to -6. To create
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193PROCESSING OF HYBRID COMOVIRUS POLYPROTEINS13-Hybrid-7, M13-Hybrid-6 was mutagenesised using
he primer CAAGGTTCCCGTTTGTGCTGAGGCCTCT-
ATGTTTATAATCAAATGGCA.
To create mutant full-length RNA-2 hybrids, the BamHI/
coRI fragments from M13-Hybrid-1 to -7 were excised
nd ligated into BamHI/EcoRI-digested pMT7–601 or
CP2 in place of the corresponding wild-type fragments.
his gave rise to two series of plasmids: pMT7-Hybrid-1
o -7 in which the comoviral sequences are downstream
f a T7 promoter and pCP-Hybrid-1 to -7 in which they
re downstream of a CaMV 35S promoter.
noculation of cowpea protoplasts and plants
To inoculate cowpea mesophyll protoplasts, plasmids
BT7–123, pMT7–601, and pMT7-Hybrid-1 to pMT7-Hy-
rid-7 were linearised (with MluI for pBT7–123 or with
coRI for the pMT7 series) and transcribed in vitro using
acteriophage T7 RNA polymerase and the RNA purified
y precipitation with an equal volume of 4M LiCl as
reviously described (Rohll et al., 1993). Transcripts from
ach of the pMT7 series were mixed with an equal
eight of pBT7–123 transcripts and used to inoculate
owpea mesophyll protoplasts exactly as described pre-
iously (van Bokhoven et al., 1993). After inoculation, the
rotoplasts were incubated for 48 h in the light as de-
cribed by Rottier et al. (1979). The consistency of the
nfection was monitored by fluorescent antibody label-
ing (van Bokhoven et al., 1993) using either a polyclonal
ntiserum specific for CPMV 58/48K proteins or IgG from
n antiserum raised against BPMV capsids (a kind gift of
r. S.A. Ghabrial, University of Kentucky). The presence
f intact virions in the protoplasts was assayed by dis-
upting the cells (Wellink et al., 1996) and inoculating the
xtracts on to either fresh protoplasts or whole cowpea
lants. The presence of virus particles in the extracts
as also assessed by ISEM using gold grids coated with
:1000 dilution of anti-BPMV capsid IgG. After overnight
ncubation with protoplast extracts, the grids were neg-
tively stained with 2% (w/v) uranyl acetate.
Before the inoculation of whole cowpea plants, plas-
id pCP1 was linearised with MluI, and plasmids pCP2
nd pCP-Hybrid-1 to -7 were linearised with EcoRI. Equal
eights of linearised pCP1 and each of the pCP2-based
onstructs were mixed and samples containing 10 mg
ach plasmid were inoculated on to the primary leaves of
owpea plants as described by Dessens and Lomonos-
off (1993). Infectivity was assessed by monitoring the
evelopment of symptoms.
orthern blot analysis
Samples of approximately 3 3 105 protoplasts were
xtracted with 2 volumes of 1:1 (v/v) phenol/choroform
nd the nucleic acids recovered from the aqueous phase
y ethanol precipitation. The nucleic acids were electro-
horesed on formaldehyde-containing agarose gels CLehrach et al., 1977) and transferred to nitrocellulose
embranes. CPMV-specific sequences were detected
y hybridisation with a 32P oligo-labeled (Feinberg and
ogelstein, 1983) BamHI/BglII restriction fragment con-
aining nucleotides 190-1505 of CPMV RNA-2.
estern blot analysis
Samples of ;105 protoplasts were boiled in sample
uffer (Laemmli, 1970) and electrophoresed of 15% (w/v)
olyacrylamide/SDS gels. The proteins were electro-
horetically transferred to nitrocellulose membranes that
ere probed with anti-BPMV IgG. Alkaline phosphatase-
onjugated goat anti-rabbit IgG was used as the second
ntibody and BPMV-specific proteins were visualised as
escribed by Blake et al. (1984).
is-cleavage assay
The BamHI/EcoRI fragment of construct pJII-B4 (Des-
ens and Lomonossoff, 1992) was replaced with the
orresponding BamHI/EcoRI fragments from M13-cp1
nd M13-Hybrids-1 to -7. The resultant constructs were
esignated pCis-CPMV and pCis-Hybrid-1 to pCis-Hy-
rid-7 (Fig. 4) accordingly. The constructs were lin-
arised with EcoRI and transcribed in vitro using bacte-
iophage SP6 polymerase as recommended by the man-
facturer. After transcription, single-stranded RNA was
recipitated by the addition of an equal volume of 4 M
iCl and further purified by ethanol precipitation. The
ranscripts were translated in messenger-dependent
abbit reticulocyte lysate in the presence of [35S]methi-
nine for 1 or 20 h and the products analysed on 15%
w/v) polyacrylamide/SDS gels as previously described
Dessens and Lomonossoff, 1991, 1992). Products were
etected by autoradiography of the dried gels.
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